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A new concept of dropping damage boundary surface is proposed to evaluate the dropping
damage of a critical component for a nonlinear packaging system, and a novel dynamical
mathematicalmodel is established to analyze the effect of three key coordinate parameters,
i.e., the non-dimensional dropping shock velocity, the frequency parameter ratio and the
defined system parameter, on dropping damage. An experiment was conducted to verify
the theory prediction, showing good agreement.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Since the classical damage boundary concept (DBC) was suggested by Newton in 1968 [1], much effort has beenmade on
the damage boundary curves of linear and nonlinear packaging systems in the past fewyears [2–4]. Those traditional damage
evaluation methods may not be suited to some cases when the packaged products are damaged with possible failures or
faults in a critical component. For this reason, the concepts of three-dimensional shock response spectrum and damage
boundary surface were proposed to evaluate the damage potential of shock to critical components for different nonlinear
packaging systems [5–7].
In the previous work, the product fragility evaluation approaches were discussed under the action of different kinds
of acceleration pulse. However, the damage of most packaged products is caused by dropping shock in transportation.
Therefore, it is very important to develop a method for evaluating the dropping damage of packaged products. Here, the
dropping shock dynamics of a tangent nonlinear packaging systemwith a critical component is analyzed, and a newmethod
for evaluating the dropping damage of a critical component is suggested.
2. Modeling and equations
The model of a packaging system with a critical component is depicted in Fig. 1, in which the packaging is idealized as a
nonlinear spring of which the stiffness coefficient is k2. The joining part between the critical component (m1) and the main
body of product (m2) is idealized as a linear spring of which the stiffness coefficient is k1.
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Fig. 1. The model of a packaging system with a critical component.
The motion of the system is governed by
m1x¨1 + k1(x1 − x2) = 0
m2x¨2 − k1(x1 − x2)+ 2k2db
π
tan
π
2db
x = 0
x1|t=0 = x2|t=0 = 0
x˙1|t=0 = x˙2|t=0 = V0 =

2gH
(1)
where x1 and x2 are the displacement response of the critical component and themain body of the product, respectively, g is
the gravity acceleration, H is the dropping height of the packaging system, V0 is the dropping shock velocity of the product,
and db denotes the compression limit of the cushioning pad. To simplify these equations, some new non-dimensional
variables are introduced as Xi = xi/L, τ = t/T , where T = √m2/k2, L = 2db/π . Furthermore, frequency parameters
of the critical component and the main body are defined as ω1 = √k1/m1, ω2 = √k2/m2, respectively. And, frequency
parameter ratio and mass ratio are defined as λ1 = ω1/ω2, λ2 = m1/m2. Substituting all parameters defined above into
Eqs. (1), yields the non-dimensional form of the motion equations
X ′′1 + λ21(X1 − X2) = 0
X ′′2 + tan X2 − λ21λ2(X1 − X2) = 0
X1|t=0 = X2|t=0 = 0
X ′1|t=0 = X ′2|t=0 = V =
T
L
V0.
(2)
The numerical solution to Eqs. (2) can be obtained by applying the Runge–Kutta method, then the shock responses of the
packaging system can be obtained as
x¨i = LT 2 X
′′
i = βX ′′i (i = 1, 2) (3)
where, β is defined as the system parameter, and it should be noted that the system parameter of a tangent nonlinear
packaging system equals to 2dbk2/πm0.
3. Product dropping damage evaluation of a critical component
As shown in Eqs. (2) and (3), the shock responses of the packaging system are only related to three coordinate parameters,
i.e., the non-dimensional dropping shock velocity, the frequency parameter ratio and the mass ratio. Similarly, the peak
response acceleration of the critical component is only related to these three coordinate parameters and the defined system
parameter. As studied in our previous work [7], no obvious influence of the mass ratio on the dropping shock response of
the critical component was found. Therefore, three key coordinate parameters, i.e., the non-dimensional dropping shock
velocity, the frequency parameter ratio and the defined system parameter, are selected as the basic evaluation quantities
for evaluating the dropping damage of the critical component, and then the DDBS for a nonlinear cushioning system are
presented in Fig. 2.
The effect of fragility and the defined system parameter on the DDBS are discussed for a tangent cushioning system
with a critical component, as shown in Fig. 3. Clearly, the influence of fragility on the DDBS is noticeable. From Fig. 3, it
is found that the damaged area of the packaging system can be effectively reduced through increasing the fragility of the
critical component and/or decreasing the system parameter. It means that the critical component can be better protected
by applying a softer cushioning pad with lower compression limit.
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Fig. 2. Dropping damage boundary surface.
(a) Ac = 30. (b) Ac = 60.
(c) Ac = 90.
Fig. 3. DDBS of a critical component for a tangent packaging system. Here, λ2 = 0.1, Ac = 60.
4. Experiments
Experiments are carried out to verify the method proposed above on the shock machine (DY-300-3/SC-0505A, Suzhou,
China) with an experimental model for a tangent packaging system. This model contains three main parts (see Fig. 4):
two steel disks representing the critical component with a mass of 0.603 kg and the packaged product with a mass of
3.010 kg, respectively, several springs representing the joining part between the critical component and packaged product
and several pre-compressed honeycomb paperboards. The pre-compressed honeycomb paperboard is compressed, and the
load–deformation curve can be fitted by a tangent function, then the linear elastic coefficient and the compression limit
can be obtained. The three evaluation quantities proposed above are changed by varying combinations of joined springs and
pre-compressed honeycomb paperboards. And the peak response acceleration of the upper steel disk (critical component) is
collected for each combination,which is used to predict the dropping damage boundary for the system. Finally, themeasured
damage boundary is compared with the predicted one, showing good agreement as in Fig. 5. The results indicate that the
proposed method is applicable to actual packaging system.
5. Conclusions
This work suggested a new concept of dropping damage boundary surface to evaluate the dropping damage for a
nonlinear packaging system, and the effect of three key coordinate parameters, i.e., the non-dimensional dropping shock
velocity, the frequency parameter ratio and the defined system parameter, on dropping damage was analyzed by a novel
dynamical mathematical model. Experiments were conducted to verify the theory proposed, showing good agreement. The
new method might be very helpful for the design of cushioning packaging.
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Fig. 4. Experimental models.
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Fig. 5. Experimental validations of DDBS.
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